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GENERAL INTRODUCTION 
Harvest of hybrid maize (Zea mays L.) seed often begins at moisture contents of 400 
to 500 g H2O kg ' fw in order to prevent losses in seed quality due to adverse environmental 
conditions (i.e. early frost, insect, or disease damage). Artificial drying of high-moisture seed 
at temperatures greater than 40° C may resuh in decreased seed germination and especially 
seed vigor (Herter and Burris, 1989), whereas initial drying at 35° C for 12 to 36 h 
(preconditioning) is reported to induce high-temperature desiccation tolerance in desiccation-
sensitive seed without a substantial reduction in seed moisture (Chen and Burris, 1990). The 
basis for the reduction in seed vigor due to drying injury has not been fully characterized; 
however, tolerance to desiccation injury has been reported in some genotypes and is 
associated with maternal and/or cytoplasmic inheritance (Bdliya and Burris, 1988), 
suggesting a role for mitochondria in the expression of seed vigor. The initial O2 uptake rate 
by imbibing seeds closely follows hydration of seed tissues and is generally attributed to the 
presence of a functional mitochondrial membrane system in the dry seed that becomes active 
when hydrated. Following complete hydration, the seed respiratory rate is thought to depend 
on continued development of mitochondria. In recent years, mitochondrial activity has been 
demonstrated as the primary source of energy during germination (Attucci et al, 1991). 
Current attempts to identify the mechanisms responsible for the acquisition of 
desiccation tolerance in seeds have focused primarily on embryonic axis tissues. Recent 
work by Madden and Burris (1995) suggested that mitochondrial function and development 
is impaired during the early stages of imbibition in axis tissue from low-vigor maize seed 
damaged by high-temperature drying. The authors reported reduced respiration rates and the 
presence of electron-dense aggregates in the mitochondrial matrix of low-vigor seed, possibly 
indicating significant damage to the inner membrane structure. Reduced mitochondrial 
respiration from axis tissue of aged, low-vigor soybean [Glycine max (L.) Merr.] seed 
(Ferguson et al., 1990a; Woodstock et al, 1984) and reduced phosphorylative efficiency of 
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mitochondria isolated from seedlings of aged soybean seed (Abu-Shakra and Ching, 1967) 
have also been reported. These observations link the time it takes for axis tissue to develop 
efflcient oxidative phosphorylation to seed vigor. Thus, stabilization and/or protection of 
mitochondrial membranes during desiccation may be critical for subsequent rapid 
germination and seedling growth. 
Rehydration of diy organisms, such as seeds or pollen, may result in leakage of 
soluble cellular contents into the surrounding medium. The extent of this leakage increases 
when diy organisms are rehydrated too rapidly or when seeds are low in vigor. Crowe et al. 
(1989) suggested that as a hydrated membrane bilayer (in the liquid-crystalline phase) is 
dehydrated, it may enter a gel phase (a highly ordered, relatively rigid conformation) in which 
the polar head groups and fatty acid chains are allowed to interact. When the diy organism is 
placed in water, the gel-phase lipids undergo a phase transition to the liquid-ciystalline phase, 
during which leakage occurs. The formation of the gel phase is temperature dependent, 
however. Thus, if the membrane is heated above the gel-to-liquid-crystalline phase transition 
temperature (Tm) or partially hydrated by exposure to water vapor, the membrane can pass 
through the phase transition in the absence of bulk water so leakage does not occur. 
Likewise, leakage is not observed during desiccation when the rising Tm reaches ambient 
temperature due to the limited availability of water as a carrier for cellular constituents. 
Therefore, the acquisition of desiccation tolerance may depend largely on the 
accumulation or synthesis of compounds that lower the phase transition temperature to below 
physiological levels, thus maintaining the membrane in the liquid-crystalline phase in the dry 
state. Hoekstra et al. (1992) suggested that for desiccation tolerance, pollen has to either 
contain sucrose for the protection of its phospholipids, or have a high degree of fatty acid 
(FA) unsaturation, e.g., high linolenic acid (18:3) composition, in its phospholipids. Pollen 
species, characterized by high levels of unsaturated FA, tend to be short-lived but initiate 
tube growth relatively rapidly following imbibition (Hoekstra, 1986). In contrast, pollen 
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species rich in linoleic acid (18:2) have a longer survival period but slower germination. 
Typically, seeds have low levels of linolenic acid (Trelease and Doman, 1984) and high 
levels of sucrose and oligosaccharides (Amuti and Pollard, 1977) which may aid in their 
long-term survival. 
Soluble carbohydrates such as trehalose in animal systems (Crowe et al. 1984) and 
sucrose in higher plants (Hoekstra et al, 1989) may replace the water around the polar head 
groups of phospholipids and depress the Tm. According to this "water replacement" 
hypothesis, hydrogen bonding of hydroxyl groups in sugars and polar residues of 
phospholipids prevent the fusion of membrane lipids and thus the formation of gel-phase 
domains at physiological temperatures. The effectiveness of sucrose in protecting 
membranes from damage upon drying may be limited, however, by the tendency of sucrose to 
crystallize during the drying process (Leopold and Vertucci, 1986). The interaction of 
sucrose with raffmose and stachyose, common components of desiccation-tolerant seeds 
(Amuti and Pollard, 1977), and other oligosaccharides not thought to be directly involved in 
membrane stabilization may inhibit sucrose crystallization and thereby enhance desiccation 
tolerance (Caffrey et ai, 1988; Koster and Leopold, 1988; Leprince et al, 1990). 
Alternatively, sugars may act to protect the cell during desiccation by the formation of an 
intracellular glass (Bruni and Leopold, 1991; Koster, 1991; Williams and Leopold, 1989). 
This highly viscous, liquid state may restrict denaturation as well as biochemical reactions 
(Williams and Leopold, 1989) and may prevent the formation of ice crystals which would 
contribute tolerance over a wide range of temperatures (Burk, 1986). Sucrose and raffmose 
are capable of forming glasses at low water contents and may comprise 20% of the dry 
weight of maize embryos (Koster and Leopold, 1988). 
Bemal-Lugo and Leopold (1992) found that the decline in vigor of maize seeds 
during storage was associated with a marked decline in monosaccharides and raffmose, while 
the sucrose content remained relatively stable. Chen and Burris (1990) reported that a ratio 
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of 9% raffinose: sucrose appeared to be important to the induction of high-temperature 
desiccation tolerance in maize seed, while Caftey et al. (1988) reported that a mass ratio of 
1:0.3 (sucrose: raffinose) inhibited sucrose crystallization in model membrane systems. 
Borowski et al. (1995) reported that sugary sweet com had lower seed leachate conductivity 
(a measure of membrane integrity) and a higher ratio of raffinose: sucrose in their embryos 
than shrunken-2 seed. Shrunken-2 hybrids, desirable because of their extra sweetness and 
postharvest quality retention, have been widely accepted by industry but exhibit poor seed 
vigor and field emergence. The authors suggested that a higher raffinose: sucrose ratio may 
indicate increased seed vigor and be useful in breeding programs for shrunken-2 varieties. 
The possible role of membrane phospholipid composition in acclimation to high-
temperature desiccation during preconditioning is poorly understood. Studies using a FA 
desaturase mutant of the yeast Saccharomyces cerevisiae indicated that mitochondria with 
high proportion of unsaturated FA in their lipids had coupled oxidative phosphorylation with 
normal P/O ratios (Haslam £/a/., 1973). If the unsaturated FA content of mitochondrial 
membranes was lowered to 20%, mitochondria lost the ability to couple phosphorylation to 
respiration and mitochondrial membranes had increased passive permeability to protons. 
Watson et al. (1975) demonstrated, using non-linear Arrhenius plots of mitochondrial 
membrane-bound enzymes, that transition temperatures were inversely related to the degree 
of membrane-lipid unsaturation. The addition of double bonds results in a "bending" of the 
fatty acid chain, thus limiting the interactions that can occur between adjacent fatty acids 
during desiccation. The authors concluded that the degree of unsaturation of the lipid plays 
an important role in determining the properties of mitochondrial membrane-bound enzymes. 
Senaratna et al. (1987) suggested injury of soybean axis tissue is mediated by lipid 
peroxidation by free radicals. The authors concluded that the de-esteriflcation of membrane 
phospholipids and accumulation of saturated free FA induces the formation of gel-phase lipid 
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domains and increases bilayer rigidity. These changes occurred only in axes of soybean seeds 
in the desiccation-sensitive state (36 h of imbibition). 
Ferguson et oL (1990b) reported that the percentage of unsaturated FA in the 
mitochondria from soybean axis tissue declined early during storage. The authors observed 
significant linear relationships between mitochondrial State 3 respiration rates and double 
bond index (DBI) and between respiratory control ratio and DBI. These data indicate that 
mitochondrial respiration rates and coupling efficiency were, in part, dependent on membrane 
FA composition. Furthermore, these changes in membrane lipids during the early phases of 
seed deterioration were characteristic of lipid peroxidation. 
Changes in phospholipid head group composition may also play a role in the 
stabilization of biological membranes. Chen and Bunis (1991) observed an increase in the 
ratio of phosphatidylcholine (PC) versus phosphatidylethanolamine (PE) in maize embryos as 
high-temperature desiccation tolerance was induced during preconditioning. Increases in the 
PC/PE ratio coincided with a more fluid membrane fraction, indicated by a lower phase 
transition temperature of the membrane fraction. In membranes with uniform FA 
composition, PC forms less tightly packed structures than does PE (McElhaney, 1982). In 
contrast to earlier studies, however, Chen and Burris (1991) reported that FA unsaturation 
decreased during preconditioning, shifting from linoleic (18:2) to oleic (18:1) acid, and that 
membrane lipids of desiccation-tolerant seed contained more saturated FAs than intolerant 
seed. These results suggest that a more saturated FA composition may be needed for an 
organism to acclimate to high-temperature desiccation. 
Although considerable work has been done examining the effects of membrane 
phospholipid composition and soluble carbohydrate content on membrane properties of low-
vigor seed axis tissue, limited research has been done investigating the effect of these factors 
on membrane properties of specific organelles, such as mitochondria, and their relation to 
seed vigor. The objectives of this study were: 1) To characterize the effect of high-
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temperature desiccation injury on soluble sugar content, phospholipid composition, and 
thermal properties in axis tissue mitochondria; 2) to examine differences in chemical 
composition and thermal properties in mitochondria of desiccation-sensitive and desiccation-
tolerant seed; and 3) to elucidate the contribution of these factors to mitochondrial activity, 
seed vigor, and subsequent seedling growth. 
Dissertation Organizatioii 
This dissertation was written in publication format and includes one paper to be 
submitted to Seed Science Research. The paper is followed by the General Conclusions. 
References cited in the General Introduction and General Conclusions are included in the 
References Cited section following the Appendix. Treatment mean and statistical analysis of 
variance tables for the research conducted are included in the Appendix, but will not be 
submitted with the manuscript for publication. The research reported in this dissertation was 
conducted by the doctoral candidate, J. R. Keiser, under the supervision of Dr. J. S. Burris. 
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INFLUENCE OF HIGH-TEMPERATURE DESICCATION ON PHYSIOLOGY AND 
CHEMICAL COMPOSITION OF HYBRID MAIZE (ZEA MAYS L.) AXIS 
MITOCHONDRIA 
A paper to be submitted to Seed Science Research 
J. R. Keiser and J. S. Bunis 
ABSTRACT 
Hybrid maize {Zea mays L.) seed from desiccation-sensitive and desiccation-tolerant 
inbred lines B73 and A632, respectively, was harvested at moisture contents ranging from 
500 to 400 g H2O kg ' fw and preconditioned at 35° C for 0 to 48 h to study the effect of 
desiccation injury on axis mitochondrial function and chemical composition. Seed quality, as 
measured by the standard warm germination test and soil-free cold test, was high (>95%) for 
all drying treatments. Although not as great as previously observed, high-temperature (45° 
C) desiccation had a deleterious effect on seed vigor of both genotypes. A632 was somewhat 
more desiccation-tolerant than B73, as evidenced by higher shoot weights, and 
preconditioning at 35° C increased desiccation tolerance of both hybrids. Differences in seed 
vigor among genotypes and drying treatments could not be fully explained by changes in 
mitochondrial composition. The ratio of raffinose : sucrose in axis tissue was lower for B73 
than for A632, primarily due to the higher sucrose content of B73. Phosphatidylserine (PS) 
composition of axis mitochondria decreased and phosphatidylethanolamine (PE) composition 
increased with seed maturation, with generally higher levels of PS and lower levels of PE in 
B73 as compared to A632. Phosphatidylcholine (PC) composition increased as seeds became 
tolerant to high-temperature desiccation during preconditioning. The ratio of PC/PE in axis 
mitochondria was higher in B73 than A632 and increased with time of preconditioning. In 
contrast, the ratio of PC/PE decreased as high-temperature desiccation tolerance was induced 
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during seed maturation. Mitochondria from B73 axes had higher levels of oleic (18:1) and 
lower levels of linoleic (18:2) acid as compared to A632. Isolated mitochondria exhibited 
similar rates of State 3 respiration regardless of genotype, harvest moisture, or 
preconditioning time. No State 4 respiration was observed. Electron microscopy revealed 
similar mitochondrial ultrastucture in dry axis tissue, regardless of genotype, preconditioning 
time, or harvest moisture. The mitochondria from embiyonic tissues appeared to be typical 
of those found in dry seed not directly damaged by high-temperature desiccation. Thus 
mitochondria are buffered from damage either by their osmotic location and/or other 
physiological mechanisms. 
INTRODUCTION 
Kermode and Bewley (198S) reported that seeds are intolerant of rapid diying rates or 
high-temperature drying early in their development, but may undergo a transition from 
desiccation-intolerance to desiccation-tolerance at a particular time during the course of their 
development. Hybrid maize seed is often harvested at moisture contents of400 g H2O kg"' 
fw or greater in order to prevent reductions in yield and seed quality due to adverse 
environmental conditions. Such high-moisture seed is tolerant of moderate drying 
temperatures (35° C), but intolerant of drying temperatures greater than 40° C or excessively 
slow drying (Herter and Burris, 1989). Artificial drying of high-moisture seed at 50° C may 
result in reductions in seed viability as well as vigor, while drying temperatures of 40 to 45° 
C may decrease seedling vigor without significantly affecting viability. The basis for this 
reduction in seed vigor has not been fully characterized; however, genetic tolerance to drying 
injury has been reported in some genotypes and this tolerance appears to be maternally or 
cytoplasmically inherited (Bdliya and Burris, 1988), suggesting a role for mitochondria in the 
expression of seed vigor. 
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The initial O2 uptake rate of imbibing seeds closely follows hydration of the seed and 
is generally attributed to the presence of a functional mitochondrial membrane system in the 
diy seed that becomes active when hydrated. Following complete hydration, seed respiratory 
rate is thought to depend on continued development of mitochondria. Attuci et a/. (1991) 
demonstrated that mitochondrial activity serves as the primary source of energy during 
germination. Madden and Burris (1995) reported reduced seed vigor and mitochondrial 
activity, as well as impaired mitochondrial development in axis tissue of high-moisture, 
desiccation-sensitive maize seed dried at 45° C as compared to seed dried at 35° C. These 
results suggest the time required for axis tissue to develop efficient oxidative phosphorylation 
may play an important role in determining seed vigor. 
Membrane structure and metabolic integrity in the dry state and upon rehydration 
have been identified as essential features of desiccation tolerance (Crowe and Crowe, 1982). 
Crowe et al. (1989) suggested that as a hydrated membrane bilayer is dehydrated it may 
undergo a temperature-dependent phase transition from a highly fluid liquid-crystalline phase 
to a relatively rigid, highly ordered gel phase. Rapid rehydration of dry organisms, such as 
seeds or pollen, may result in leakage due to an increase in the gel to liquid-crystalline phase 
transition temperature which leads to gel phase domains at physiological temperatures. Thus, 
the acquisition of desiccation tolerance may depend largely on the accumulation or synthesis 
of compounds that maintain the membrane in the liquid-crystalline phase in the dry state. 
Accumulation of disaccharides and oligosaccharides has been implicated in 
desiccation tolerance via preservation of membrane integrity during dehydration (Crowe et 
ai. 1984; Hoekstraefa/., 1989; Koster and Leopold, 1988). Many seeds accumulate large 
amounts of sucrose and oligosaccharides during maturation (Amuti and Pollard, 1977). 
Sugar accumulation (particularly sucrose, in conjunction with raffinose or stachyose) has 
been correlated with an increase in desiccation tolerance (Blackman et ai, 1991; Chen and 
Burris, 1990; Koster and Leopold, 1988; Leprince etal, 1990). Changes in membrane 
10 
phospholipid composition may also induce desiccation tolerance through membrane 
stabilization. Increases in the proportion of phosphatidylcholine (PC) versus 
phosphatidylethanolamine (PE) and changes in fatty acid composition, such as decreased 
fatty acyl chain length and increased fatty acid unsaturation, have been related to decreased 
phase transition temperatures of membranes (Bach, 1983; McElhaney, 1982; Warren, 1987) 
and thus may help maintain membrane systems in a more fluid state at physiological 
temperatures. 
The present study attempts to clarify the role of mitochondria in drying injury 
reported by Madden and Burris (1995) by investigating changes in axis mitochondria 
physiology and chemical composition in response to drying and their contribution to 
subsequent seed quality and seedling growth. A preconditioning process which induces 
desiccation-tolerance without a substantial loss in axis moisture was used to create samples 
with reduced seed vigor without a significant effect on seed viability. Maize inbreds A632 
and B73, previously characterized as desiccation-tolerant and desiccation-sensitive, 
respectively, were used as the seed parents in these experiments. 
MATERIALS AND METHODS 
Plant Material 
Hybrid maize seed was produced at Iowa State University, Ames, Iowa from a 
modified single cross using either A632 or B73 as the seed parents and the sister-line single 
cross H99 X H95 as the conmion pollen parent. Ears were harvested in 1993 and 1994 at 
seed moisture contents of 500,450 and 400 g H2O kg ' fw as determined by drying at 105° C 
for 24 h (oven method), dehusked, and then divided into sets of five (1993) or six (1994) 
ears. Thin-layer experimental dryers as described by Navratil and Burris (1982) were used to 
induce a preconditioning process that renders high-moisture seed tolerant to high-temperature 
drying (45° C) without a substantial loss in axis moisture. Samples were preconditioned at 
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35° C and 25% relative humidity (RH) for 0,12,24,36, and 48 h before being transferred to 
45° C and dried down to 120 g H2O kg'* fw moisture content. Each preconditioning 
treatment was replicated three times and samples dried directly at 45° C were used as a 
control. After drying, the seed from the center two-thirds of the ear were carefully hand 
shelled and the seed bulked and placed into the cold room at 10° C and approximately 50% 
RH until used. Treatment means were analyzed using years as a true replication, considering 
replications within years as a form of sampling. The hybrid, harvest moisture and 
preconditioning treatments were analyzed as a three-way factorial design. 
Seed Quality Evaluation 
Seed quality was measured using the standard warm germination test as described by 
Knittle and Burns (1976) and the soil-free cold test (Loeffler et aL, 1985), with 50 seeds used 
for each rolled-towel test. Shoot and root weights of normal seedlings were determined for 
both the warm and cold tests (oven method). 
Isolation of Mitochondria 
Two sets of 50 axes (approximately 125 mg axis tissue) were excised from dry seed 
and imbibed for 4 h at 25° C before being ground by hand in a chilled mortar and pestle. 
Mitochondria were isolated according to the 'cushion' method of Day and Hanson (1977) 
with the following modifications: An equal molar concentration of TES [^V-tris-
(hydroxymethyl)methyl-2-aminoethanesulfonic acid] was used instead of phosphate in the 
extraction buffer and equal molar concentrations of mannitol used instead of sucrose 
throughout the extraction procedure. Samples were ground in 1,5 mL of extraction buffer 
followed by a 1.5-mL rinsing of the mortar and pestle. Chemical composition of the 
mitochondrial membranes was determined on mitochondria isolated from one set of axes, 
while oxygen uptake and thermal properties were measured on mitochondria isolated from 
the second set. 
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Soluble Sugar Analysis 
In preliminaiy investigations, sugar contents of the supernatant were measured after 
each step of mitochondrial isolation and compared to sugar content from ethanol extraction 
of the whole axis and final mitochondrial pellet to determine the optimal time for total 
soluble sugar analysis. The first supernatant from mitochondrial isolation was saved and 
boiled 20 min to denature non-heat stable proteins. The sample was then cleared by 
centrifiigation at 48,200 x g for 20 min and then filtration through a 0.2-)xm filter. Analysis 
of sugars obtained by this method resulted in detection of less total sugar compared to ethanol 
extraction of whole axes; however, the ratio of sugars remained constant between the two 
methods. No significant levels of sugar were found in the second supernatant to be discarded 
during mitochondrial isolation or the mitochondrial pellet (using 2S0 ^L ethanol each for 
homogenization and washing of the pellet to a final volume of SOO ^ extract). Thus, soluble 
sugar contents reported in this study were made using the first supernatant as described 
above. Sugars were analyzed in this way in order to make as many measurements as possible 
from a single sample to better correlate changes in mitochondrial composition with changes 
in seed quality and mitochondrial structure. Soluble sugars were determined using high-
performance liquid chromatography (HPLC) with a refractive index detector (Shimadzu 
Corp., Kyoto, Japan). A SupelCosil LC-NH2 column (Supelco, Inc., Bellefonte, PA) was 
used with a mobile phase of acetonitrile : water (75:25, v/v) and a flow rate of 1.5 mL min '. 
Sugar composition was determined by comparing peak areas of interest with individual sugar 
standards. 
Phospholipid Analysis 
Phospholipids were extracted from the mitochondrial pellet with 1 mL chloroform : 
methanol (2:1, v/v). The solution was stirred 0.5 h, transferred into a tapered test tube, and 
then rinsed with an additional 250 pL chloroform : methanol (2:1, v/v). Water-soluble 
contaminants were dissolved and chloroform and methanol separated by adding 500 |JL 
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distilled water. The chloroform phase was then collected from the bottom of the test tube, 
filtered through a 0.2-^m filter, evaporated to dryness under N2, weighed, and then 
resuspended in 500 |iL chloroform: methanol (2:1, v/v). Phospholipids were separated and 
determined using HPLC with a UV detector at 203 nm. A SupelCosil Lc-Si (5 |im) colunm 
was used with a mobile phase of acetonitrile: methanol: 85% phosphoric acid (130:5:1.5, 
v/v/v) and a flow rate of 1 mL min ' for 30 min under ambient temperatures. 
Fatty acids were detennined by formation of fatty acid methyl esters (FAME) as 
described by Hammond (1991). After HPLC analysis, phospholipid samples were taken to 
dryness under N2 and then 1 N sodium methoxide [prepared by adding 450 mL of 5.4 M 
sodium methylate (Fluka Chemical Co., Ronkonkoma, NY) to 2000 mL of methanol] added 
to form FAME. After transesterification, 150 ^L distilled water was added to each vial to 
stop the reaction and then distilled hexane added, sufficient to fill the vial to the neck. The 
vial then contained two layers, the top layer containing the FAME dissolved in hexane, and 
the bottom layer containing the sodium methoxide, water, and glycerol. The methyl esters of 
fatty acids were analyzed isothermally at 250° C on a Hewlett-Packard (Avandale, PA) 5890 
gas chromatograph equipped with a flame ionization detector and a Supelco SP-2330 column 
(15 m, 0.25 mm, 0.20 pm) with a colunm temperature of 190° C. Helium was used as the 
carrier gas with a flow rate of 1 mL min"'. Percentages were calculated from electronically 
integrated peaks and corrected by factors based on the number of C-H bonds (Craske and 
Bannon, 1987). 
Mitochondrial Activity 
Oxygen uptake by mitochondria was measured at 25° C using a low-volume reaction 
chamber (Rank Bros., Cambridge, England) calibrated with air-saturated water (250 pM O2 
mL'*) immediately following resuspension of the mitochondrial pellet in 150 )iL of a reaction 
mixture consisting of 250 vaM mannitol, 10 mAf TES, 1 mM MgCh, 1 mM KH2PO4 (pH 7.2) 
and 0.1% (w/v) BSA (bovine serum albumin). Initially, 50 |iL of mitochondrial suspension 
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was added to 500 pL of reaction mixture in the reaction chamber. State 3 respiration was 
measured after the addition of 100 nmol ADP in the presence of 1 voM NADH. Two aliquots 
of the resuspension were saved for protein determination by the Bradford method (Bradford, 
1976) and the results corrected for added BSA. 
Measurement of Thermal Properties of Mitochondrial Membranes 
Phase transition temperatures of intact mitochondrial membranes were measured by 
differential scanning calorimetry (Model DSC-220C, Seiko Instruments, Inc., Torrence, CA). 
After oxygen uptake measurements, the remaining mitochondrial suspension was centrifiiged 
at 27,000 X g for 10 min and then the resulting pellet transferred to a preweighed aluminum 
sample pan. The pan was sealed, reweighed, and then scanned at 10° C min' from -120 to 
250° C using air as the reference. Sample dry weight was determined by puncturing and 
drying the pan at 103° C for 24 h. The onset temperature and energy involved in the phase 
transition were calculated by computer integration. 
Electron Microscopy 
Embryonic axis from dry seeds were excised and radicle tissue immediately fixed in 
3% paraformaldehyde: 4% glutaraldehyde in a 0.05 M phosphate buffer (pH 7.2) for 24 h at 
4° C. Following fixation, the samples were washed three times in buffer only for 10 min 
each and then postfixed with 1% osmium tetroxide in the same buffer for 24 h at 4° C. After 
three rinses in phosphate buffer for 15 min each, the samples were dehydrated in a graded 
acetone series (25,50,70, and 100%, v/v) followed by two changes of 100% acetone for 2 h 
each at room temperature. The samples were then embedded in Spurr's low-viscosity 
embedding medium (Spurr, 1969). Infiltration of the dehydrated samples was carried out 
with constant rotation using a graded transfer from acetone to Spurr's resin (25,50,75, and 
100%, v/v, 24 h per step) followed by two changes of 100% resin over a 48-h period. 
Following the final change of resin, the samples were polymerized at 60° C for 24 h. 
15 
A Reichert (Ultracut E) uitramicrotome (Leica Inc., Deerfield, IL) was used to section 
the embedded samples. Thick sections (2.0 pm) were cut with a glass knife, mounted on 
slides, and stained with toluidine blue for viewing on a Leitz Oithoplan microscope equipped 
with bright-field optics. Ultrathin sections were cut with a diamond knife, transferred to 200-
mesh copper grids, and stained with 3% aqueous uranyl acetate followed by lead citrate 
(Reynolds, 1963). Thin sections were then examined and photographed with a JEOL 
1200EX STEM electron microscope (Peabody, MA). 
RESULTS AND DISCUSSION 
Seed Quality 
The drying treatments imposed in the present study were not as detrimental to seed 
quality as had been previously observed, particularly in seed harvested from B73. Drying 
treatments in this study required a longer time to reach 120 g H2O kg ' fw than in previous 
studies, ranging from 48 to 62 h for A632 and 74 to 88 h for B73. Meier (1983) also reported 
a strong year e^ect which may have confounded these results. 
Seed viability, as estimated by the warm germination test, was high (>95%) for all 
treatments (Figure 1). Preconditioning increased the germination percentage of both hybrids, 
with germination of A632 and B73 reaching a maximum after 24 and 36 h, respectively. 
Harvest moisture did not affect warm germination of either hybrid when comparing means 
within a preconditioning treatment (data not shown). The effects of harvest moisture and 
preconditioning on seed vigor were estimated by the cold germination test and seedling dry 
weight following the cold test. Cold test germination percentage was also high for all 
treatments (>97%) and increased as normal seed maturation progressed and harvest moisture 
declined (Figure 2). There were no significant differences between hybrids and no effect of 
preconditioning on cold germination percentage (data not shown). Preconditioning at 35° C 
and normal seed maturation increased tolerance of both hybrids to high-temperature drying, 
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as evidenced by increased shoot and root diy weights (Figures 3 and 4). Although not as 
great as previously observed in this laboratoty, a difference in seed vigor between genotypes 
was evident, with the shoot dry weight of A632 equal to or significantly greater than B73 for 
all drying treatments (Figure 3). In addition, maximum shoot dry weights of A632 were 
achieved after 24 to 36 h of preconditioning compared to 36 to 48 h for B73. Changes in root 
dry weight and the shoot/root dry weight ratio, an index of seedling vigor, of B73 in response 
to harvest moisture and preconditioning are shown in Figure 4. Root dry weight increased 
and the shoot/root dry weight ratio decreased during normal seed maturation and 
preconditioning. Root dry weight and the shoot/root dry weight ratio of A632 responded 
similarly to, and were not significantly different iiom, B73 (data not shown). Likewise, 
seedling dry weights determined following the warm germination test followed a similar 
pattern to those determined following the cold test except that differences in seed vigor 
between A632 and B73 could not be detected (data not shown). 
Soluble Sugar Content 
Soluble sugar content of the first supernatant to be discarded during mitochondrial 
isolation was determined by using HPLC. The supematant contained primarily sucrose and 
raffmose, with only trace amounts of monosaccharides (data not shown). Soluble sugar 
content did not change with seed maturation or preconditioning in either hybrid (data not 
shown); however, inherent differences between A632 and B73 were detected (Table 1). 
Sucrose content of B73 was significantly greater than A632, averaging 145.9 and 129.6 mg 
sucrose g ' axis fw, respectively (LSDo.o5= 12.3), while raffinose content did vary with 
genotype. The higher sucrose content of B73 as compared to A632 resulted in a raffmose : 
sucrose ratio of 0.20 and 0.23 for B73 and A632, respectively (LSDo.os = 0.02). 
Sucrose has been proposed to aid in membrane stabilization, either by hydrogen 
bonding of hydroxyl groups of sucrose with polar residues of membrane phospholipids 
(Hoekstra et ai, 1989) or by formation of an intracellular glass that restricts denaturation and 
17 
other biochemical reactions (Koster, 1991; Williams and Leopold, 1989). The ability of 
sucrose to protect membranes may be limited, however, by the tendency of sucrose to 
crystallize during drying (Leopold and Vertucci, 1986). Raffinose family oligosaccharides, 
although not believed to interact directly with membrane phospholipids, may enhance 
desiccation tolerance by inhibiting sucrose ciystallization (Leopold and Vertucci, 1986; 
Caffiney et al, 1988; Koster and Leopold, 1988). A mass ratio of 1:0.3 (sucrose : rafHnose) 
has been shown to inhibit sucrose crystallization in model membrane systems (Caffrey et al, 
1988). 
Chen and Burns (1990) reported a decline in total soluble sugar content of maize 
embryos without a significant change in monosaccharide content and an increase in sucrose 
and raffinose as a percentage of total sugar during preconditioning. The authors reported that 
a raffmose: sucrose ratio of 0.09, rather than the absolute sugar content, appeared to be 
important in the induction of high-temperature desiccation tolerance. Reductions in raffinose 
family oligosaccharides in comparison to sucrose have also been associated with the loss of 
desiccation tolerance during seed imbibition (Koster and Leopold, 1988) and with changes in 
seed vigor (Bemal-Lugo and Leopold, 1992; Borowski et al, 1995). 
The raffinose: sucrose ratios observed in this study were significantly higher than 
0.09, suggested by Chen and Burris (1990) as being important for induction of desiccation 
tolerance in maize seed, and did not change with natural seed maturation or preconditioning, 
both of which resulted in increased tolerance to high-temperature drying. Thus, although the 
ratio of raffinose : sucrose may play a role in desiccation tolerance, differences in soluble 
sugar content alone were not sufficient to explain decreases in drying injury associated with 
preconditioning and seed maturation in this study. 
Phospholipid Composition 
The phase transition temperature of complex lipids depends on the type of head group 
as well as the fatty acyl chain length and the position and extent of fatty acid unsaturation 
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(Bach, 1983; McElhaney, 1982; Warren, 1987). Three major classes of phospholipids were 
found in maize axis mitochondria (Figures 5 through 7). The level of phosphatidylserine 
(PS) was influenced by genotype and harvest moisture content (Figure S). Axis mitochondria 
of B73 and A632 contained an average of 4.9 and 4.2% PS, respectively (LSDo.os = 0.3). PS 
levels declined similarly in mitochondria of both hybrids as harvest moisture content 
decreased (Figure S). Significant di^erences in the level of phosphatidylethanolamine (PE) 
in axis mitochondria among hybrids and harvest moistures were also observed (Figure 6). 
Axis mitochondria of B73 had significantly lower levels of PE than A632, averaging 13.3 
and 13.9%, respectively (LSDo.os = 0.3). PE content increased at a similar rate in both 
hybrids during natural seed maturation (Figure 6). No significant effect of preconditioning 
on the level of PS or PE in axis mitochondria was observed (data not shown). A significant 
increase in phosphatidylcholine (PC) content of axis mitochondria was observed in 
preconditioned versus non-preconditioned (0 h preconditioning) seed (Figure 7). PC levels in 
mitochondria of seed preconditioned at 35° C for 12 h or more averaged 82.0% as compared 
to 81.1% in seed dried directly at 45° C (LSDo.os = 0.4). PC levels continued to increase with 
preconditioning from 12 to 48 h; however, the increase in PC with increased preconditioning 
time was not significant (Figure 7). PC levels of axis mitochondria did not change with 
genotype or seed harvest moisture content (data not shown). 
Model membrane systems containing PE have been shown to have a higher phase 
transition temperature than those containing PC with an equal degree of fatty acid 
unsaturation (Bach, 1983; McElhaney, 1982; Warren, 1987). The higher melting temperature 
of PE as compared to PC is apparently due both to the smaller size of the PE as opposed to 
the PC head group (Mabrey and Sturtevant, 1977) and to hydrogen bonding between the 
amine hydrogens and phosphate groups of neighboring lipids (Nagle, 1976; Wilkinson and 
Nagle, 1981). Thus, the relative proportion of PC in relation to PE may play an important 
role in membrane stabilization during desiccation. We observed an increase in the ratio of 
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PC/PE in axis mitochondria of both hybrids during preconditioning (Figure 8). An increase 
in the PCTPE ratio of maize embryo lipids during preconditioning of high-moisture seed has 
also been observed (Chen and Burris, 1991) and was negatively related to the lipid phase 
transition temperature and enthalpy involved in the transition. The authors suggested that 
increases in the ratio of PCVPE of maize embryo lipids may aid in the induction of desiccation 
tolerance during preconditioning. We attempted to determine the thermal properties of 
mitochondrial membranes by using DSC, but due to limited sample size (<0.3 mg dw) and 
equipment sensitivity we were unable to obtain meaningful phase transitions within the range 
of physiological temperatures. Those transitions that were detected were either attributed to 
water or were at temperamres so high that they were thought to be the consequence of severe 
sample degradation and therefore not very meaningful (Figure 9). Thus, this portion of the 
study was discontinued. 
Increases in the PC/PE ratio of axis mitochondrial membranes may be important for 
induction of desiccation tolerance during preconditioning. However, the PC/PE ratio of axis 
mitochondria from desiccation-sensitive B73 was higher than desiccation-tolerant A632 
(averaging 6.15 and 5.94, respectively; LSDo.os = 0.13) and decreased as high-temperature 
desiccation tolerance was induced during natural seed maturation (Figure 8). These 
contradictory results indicate either that preconditioning induces drying tolerance by a 
different mechanism than natural seed maturation, or that the ratio of PC/PE of mitochondrial 
membranes is not responsible for the induction of high-temperature drying tolerance. 
Fatty acid composition of axis mitochondria did not change with preconditioning time 
or as harvest moisture content decreased (data not shown); however, a significant difference 
in fatty acid composition between hybrids was observed (Table 2). Membrane lipids of B73 
axis mitochondria had a more saturated fatty acid composition, higher oleic (18:1) and lower 
linoleic (18:2) acid content, as compared to membrane lipids of A632 axis mitochondria. No 
change in total saturated fatty acid (16:0 and 18:0) composition or fatty acyl chain length was 
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observed. The addition of double bonds (increased fatty acid unsaturation) creates bends in 
the fatty acyl chain and prevents adjacent chains from packing as closely together, thus 
decreasing the amount of interactions in the gel phase and reducing the phase transition 
temperature (Gennis, 1989; Nagle, 1976). Increased fatty acid unsaturation has been linked 
to increased desiccation tolerance in some pollen species (Hoekstra et al, 1992) and 
increased efficiency of oxidative phosphorylation in yeast mitochondria (Haslam et al., 1971; 
Senaratna er a/.. 1987; Marzuki 1975). In contrast, fatty acid unsaturation decreased in 
maize embryo lipids with the induction of high-temperature desiccation during 
preconditioning (Chen and Burris, 1991), although the reason for this reduction is unclear. 
The lower level of fatty acid unsaturation in axis mitochondria of B73 as compared to A632 
observed in this study may play a role in the greater sensitivity of B73 to drying injury; 
however, the sensitivity of both hybrids to high-temperature drying decreased with 
preconditioning and seed maturation without a significant change in fatty acid composition. 
These results suggest that fatty acid unsaturation of axis mitochondria is not involved in 
desiccation tolerance of maize seed. 
Oxygen Uptake 
The yield of mitochondrial protein was 348 ± 69 |ig protein (125 mg axis fw)"' and 
was not influenced by hybrid, harvest moisture, or preconditioning treatment. To compare 
mitochondrial activities among hybrids and drying treatments, State 3 respiration of axis 
mitochondria isolated from axes imbibed for 4 h at 25° C was measured after the addition of 
ADP in the presence of NADH. State 3 respiration averaged 46.3 nmoles O2 min"' (mg 
protein)'' for all treatments and was not significantly affected by genotype, harvest moisture, 
or preconditioning treatment. Respiratory control and oxidative phosphorylation efficiency 
(ADP/0 ratio) could not be measured as State 4 respiration was never achieved. 
The inability to detect differences in State 3 respiration of mitochondria isolated from 
axis tissue, as well as the inability to identify changes in mitochondrial composition related to 
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the induction of desiccation tolerance, suggests that differences in seed vigor observed among 
genotypes and diying treatments may be the result of a limitation in the amount of substrate 
available rather than direct damage to the mitochondrial membrane system. To further 
investigate this possibility, ultrastructural analysis of cells from the meristematic region of 
the radicle of maize axes extracted from dry seed was conducted. 
Electron Microscopy 
Transmission electron microscopy was used to examine morphological differences in 
radicle meristematic tissue of maize seed harvested at either SOO or 400 g H2O kg ' fw and 
preconditioned at 35° C for 0,24, or 48 h. Meristematic cells had a well developed nucleus 
and nucleolus, with abundant mitochondria and lipid bodies (Plates 1 and 2). Lipid bodies 
were found scattered throughout the cytoplasm but were most highly concentrated around the 
cell wall/plasma membrane region. Meristematic regions of A632 and B73 were similar at 
all harvest moistures and preconditioning times, and no gross morphological changes were 
observed with natural seed maturation or preconditioning time for either genotype. 
Mitochondria in dry axis tissue were spherical in shape with an intact, double outer 
membrane (Plates 3 and 4). The mitochondrial matrix was characterized by a uniformly 
electron-transparent background and poorly developed cristae. Very little variation in these 
structural characteristics was observed among the different genotypes or drying treatments. 
The presence of a double outer membrane and a limited number of visible cristae are typical 
of dry maize seed (Madden and Burris, 1995; Vartapetian et al, 1987). 
CONCLUSIONS 
Changes in axis mitochondria physiology and chemical composition in response to 
high-temperature desiccation were studied using a preconditioning process which induces 
desiccation tolerance without significantly affecting seed viability. The drying treatments 
imposed in the present study were not as detrimental to seed quality as had been previously 
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reported; however, differences in seed vigor were observed. Maize seed became 
progressively less susceptible to drying injury during preconditioning and during natural seed 
maturation (as harvest moisture decreased), as evidenced by an increase in shoot and root dry 
weights and a decrease in the shoot/root dry weight ratio. A632 was somewhat more tolerant 
of high-temperature drying than B73, as shown by equal or higher cold test shoot dry 
weights of A632 as compared to B73. 
Reductions in seed vigor with high-temperature drying injury suggest that the early 
growth potential of damaged seeds is impaired. Mitochondrial respiration is the primary 
source of energy during germination (Attucci et al, 1991; Ehrenshaft and Brambi, 1990), 
suggesting a link between the time required for axis tissue to develop efficient oxidative 
phosphorylation and seed vigor. Reductions in respiration have been correlated with a loss in 
seed vigor in soybean (Ferguson et al, 1990; Woodstock et aL, 1984) and com (Madden and 
Burris, 1995). However, no difference in State 3 respiration of isolated mitochondria was 
observed with changes in seed vigor associated with drying injury in the present study. In 
addition, electron microscopy revealed similar mitochondrial ultrastructure in dry axis tissue, 
regardless of genotype, preconditioning time, or harvest moisture. These results suggest that 
mitochondria from embryonic tissues were not directly damaged by high-temperature 
desiccation, but were buffered from such damage either by their osmotic location and/or other 
physiological mechanisms. The mechanism by which axis mitochondria are protected from 
drying injury is not clear. A higher ratio of raffinose : sucrose and increased fatty acid 
unsaturation of mitochondrial membranes may contribute to the increased desiccation 
tolerance of A632 as compared to B73. However, increased tolerance to high-temperature 
desiccation during preconditioning and natural seed maturation could not be explained by 
changes in the chemical composition of axis mitochondria measured in this study. These 
results suggest that mechanisms other than soluble sugar content and phospholipid 
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composition may be responsible for protecting mitochondrial membranes from high 
temperature desiccation injury. 
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Table 1. Soluble sugar content of hybrid maize axes, averaged over harvest moisture content 
and preconditioning time, as determined during mitochondrial isolation. 
Seed Parent 
Soluble Sugars 
Sucrose Raffinose Raffmose; Sucrose Ratio 
A632 
B73 
LSDo.os 
mg g axis nv 
0.23 
0.20 
0.02 
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Table 2. Fatty acid composition as percentage of methyl esters (corrected for number of C-H 
bonds) of maize axis mitochondria, averaged over harvest moisture content and 
preconditioning time. 
Fatty Acidst 
Seed Parent 16:0 18:0 18:1 18:2 18:3 
% 
A632 15.4 3.9 16.7 61.7 2.3 
B73 15.2 3.9 19.7 59.3 1.8 
LSDO.05 0.9 0.9 0.4 1.1 0.5 
116:0, palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 
18:3 linolenic acid 
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Figure 1. Changes in warm germination percentage of hybrid maize seed preconditioned at 
35° C. Germination values are averaged over harvest moisture content. 
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Figure 2. Seed viability of hybrid maize in response to harvest moisture content as 
determined by the soil-free cold test. Values are averaged across seed parent and 
preconditioning treatments. 
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Figure 3. Effect of preconditioning at 35° C on soil-free cold test shoot dry weights of seed 
harvested at 500 (A), 450 (B), and 400 g H2O kg"' fw (C). 
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Figure 4. Effect of harvest moisture and preconditioning at 35° C on soil-free cold test root 
weights and shoot/root ratios of hybrid maize seed harvested from B73. 
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Figure 5. Effect of harvest moisture content on phosphatidylserine (PS) content of axis 
mitochondria. Values are averaged across preconditioning treatments. 
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Figure 6. Effect of harvest moisture content on phosphatidylethanolamine (PE) content of 
axis mitochondria. Values are averaged across preconditioning treatments. 
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Figure 7. Effect of preconditioning on phosphatidylcholine (PC) content of axis 
mitochondria. Values are averaged across seed parent and harvest moisture content. 
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Figure 8. Effect of preconditioning at 35° C on the phosphatidylcholine (PC) / phosphatidyl-
ethanolamine (PE) ratio of axis mitochondria of seed harvested at 500 (A), 450 (B), and 400 
g H2O kg"' fw (C). 
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Figure 9. Typical differential scanning calorimetry thermogram of mitochondria isolated 
from maize axis tissue. The thermogram was obtained from 0.05 mg dw mitochondrial pellet 
transferred to an aluminum sample pan and heated at a rate of 10° C min '. Peaks identified 
had onset temperatures (To) of -3.6,158.8, and 198.6° C, with the first peak being attributed 
to water and subsequent peaks having To beyond physiological temperatures and attributed to 
severe degradation of sample. 
Plate 1. Electron micrographs of the radicle meristem region from dry maize axes of A632 
harvested at 500 or 400 g H2O kg * fw (high or low moisture, respectively; bar = 4.0 jmi). A, 
Low-moisture seed dried directly at 45° C (0 h preconditioning). B, High-moisture seed 
dried directly at 45° C. C, Low-moisture seed preconditioned at 35° C for 24 h. D, High-
moisture seed preconditioned for 24 h. E, Low-moisture seed preconditioned for 48 h. F, 
High-moisture seed preconditioned for 48 h. L = lipid body, M = mitochondria, N = nucleus, 
W = cell wall. 

Plate 2. Electron micrographs of the radicle meristem region from dry maize axes of B73 
harvested at 500 or 400 g H2O kg"' fw (high or low moisture, respectively; bar = 4.0 nm). A, 
Low-moisture seed dried directly at 45° C (0 h preconditioning). B, High-moisture seed 
dried directly at 45° C. C, Low-moisture seed preconditioned at 35° C for 24 h. D, High-
moisture seed preconditioned for 24 h. E, Low-moisture seed preconditioned for 48 h. F, 
High-moisture seed preconditioned for 48 h. L = lipid body, M = mitochondria, N = nucleus, 
W = cell wall. 

Plate 3. Electron micrographs of mitochondria in the radicle meristem region of dry maize 
axes of A632 harvested at 500 or 400 g H2O kg"' fw (high or low moisture, respectively; bar 
= 0.5 nm). A, Low-moisture seed dried directly at 45° C (0 h preconditioning). B, High-
moisture seed dried directly at 45° C. C, Low-moisture seed preconditioned at 35° C for 24 
h. D, High-moisture seed preconditioned for 24 h. E, Low-moisture seed preconditioned for 
48 h. F, High-moisture seed preconditioned for 48 h. L = lipid body, N = nucleus, W = cell 
wall. 

Plate 4. Electron micrographs of mitochondria in the radicle meristem region of dry maize 
axes of B73 harvested at 500 or 400 g H2O kg"' fw (high or low moisture, respectively; bar = 
0.5 |im). A, Low-moisture seed dried directly at 45° C (0 h preconditioning). B, High-
moisture seed dried directly at 45° C. C, Low-moisture seed preconditioned at 35° C for 24 
h. D, High-moisture seed preconditioned for 24 h. E, Low-moisture seed preconditioned for 
48 h. F, High-moisture seed preconditioned for 48 h. L = lipid body, N = nucleus. 
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GENERAL CONCXUSIONS 
Seeds are generally intolerant of high-temperature or excessively slow drying early in 
their development, but may acquire desiccation tolerance at a particular time in the course of 
their development (Kermode and Bewley, 1985). Artificial drying of high-moisture seed at 
temperatures greater than 40° C may result in reductions in seed quality, especially seed vigor 
(Herter and Burris, 1989). The basis for this reduction in vigor has not been fully 
characterized; however, membrane structure and metabolic integrity in the dry state and upon 
rehydration has been identified as an essential feature of desiccation tolerance (Crowe and 
Crowe, 1982). 
Increases in the ratio of raffinose; sucrose and the proportion of phosphatidylcholine 
(PC) versus phosphatidylethanolamine (PE) of maize embryos have been associated with the 
induction of desiccation tolerance (Chen and Burris, 1990 and 1991), presumably through 
stabilization of membranes. Recently, Madden and Burris (1995) suggested that high-
temperature drying of high-moisture, desiccation-sensitive seed may result in significant 
damage to the inner mitochondria] membrane system resulting in reduced oxidative 
phosphorylation. The present study attempts to clarify the mitochondrial damage in 
desiccation tolerance by examining changes in axis mitochondrial physiology and chemical 
composition in response to drying and its contribution to subsequent seed quality and 
seedling growth. A preconditioning process which induces desiccation tolerance without a 
substantial loss in axis moisture was used to create samples with reduced seed vigor without 
a significant effect on seed viability. Desiccation-tolerant and desiccation-sensitive maize 
inbreds A632 and B73, respectively, were used as the seed parents in these experiments. 
Maize seed became progressively less susceptible to drying injury during 
preconditioning and during natural seed maturation (as harvest moisture decreased), as 
evidenced by an increase in shoot and root dry weights and a decrease in the shoot/root dry 
weight ratio. A632 was somewhat more tolerant of high-temperature drying than B73, as 
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shown by equal or higher cold test shoot diy weights of A632 as compared to B73. Seed 
viability remained high (>95%) for all drying treatments. 
The results of this study suggest that reductions in vigor (without significant loss in 
viability) associated with high-temperature drying injury are not due to direct damage to 
mitochondrial membrane systems, as had been previously proposed (Madden and Burns, 
1995). Oxygen uptake of isolated mitochondria and ultrastructure in the dry seed were 
similar for all genotypes and drying treatments. These results suggest that differences in 
vigor must be the result of some other aspect of energy metabolism such as limited substrate 
supply, electron transport, or reductant turnover. However, respiratory patterns of damaged 
but still viable seed may be difficult to interpret. The inability to measure State 4 respiration 
in this study may indicate contamination with ADP or may be the result of partial uncoupling 
of oxidative phosphorylation. No attempt to measure ATP production was made. 
Significantly higher ATP levels were observed in maize axis tissue from high-moisture seed 
dried at 35° as compared to 45° C after 2 to 6 h imbibition (Madden and Burris, 1992). Feng 
(1996) also observed a decline in ATP levels of germinating axes associated with high-
temperature drying injury. The decline in ATP level was closely associated with loss of 
membrane integrity, as measured by individual seed leachate conductivity. However, 
attempts to correlate ATP content of imbibed seed with seed vigor have been mixed, ranging 
from highly significant to poor (Bewley and Black, 1994). 
The mechanism by which axis mitochondria are protected from drying injury remains 
elusive. A higher ratio of raffmose : sucrose and increased fatty acid unsaturation of 
mitochondrial membranes may contribute to the increased desiccation tolerance of A632 as 
compared to B73. However, increased tolerance to high-temperature desiccation during 
preconditioning and natural seed maturation could not be explained by changes in the 
chemical composition of axis mitochondria. These results suggest that mechanisms other 
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than mitochondrial soluble sugar content and phospholipid composition may be responsible 
for protecting mitochondrial membranes from high-temperature desiccation injury. 
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APPENDIX 
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Table Al. Warm germination test means. 
Harvest Seed Preconditioning Normal Shoot Root Shoot/Root 
Moisture Parent Time Seedlings Weight Weight Ratio 
gHzOkg' h % — mg seedling' — 
500 A632 0 97.0 23.4 14.8 1.62 
12 99.7 28.5 16.3 1.81 
24 100.0 32.7 22.2 1.50 
36 97.4 31.3 20.1 1.63 
48 98.4 32.3 18.8 1.79 
B73 0 96.3 20.6 8.5 2.59 
12 97.7 27.9 20.0 1.42 
24 99.7 30.1 19.4 1.58 
36 99.4 30.8 19.9 1.59 
48 99.4 28.6 17.7 1.64 
450 A632 0 98.7 29.1 20.2 1.47 
12 99.4 30.1 22.0 1.39 
24 99.7 32.7 21.4 1.60 
36 98.7 34.1 22.5 1.53 
48 98.7 33.0 20.0 1.76 
B73 0 97.0 26.1 16.5 1.66 
12 99.0 30.3 18.5 1.68 
24 98.0 32.4 25.4 1.29 
36 99.7 32.1 25.3 1.28 
48 99.7 32.0 22.6 1.44 
400 A632 0 97.7 31.8 21.2 1.54 
12 99.0 33.4 21.0 1.65 
24 99.7 35.1 23.7 1.59 
36 99.7 35.9 28.4 1.28 
48 98.4 34.4 26.7 1.30 
B73 0 99.7 32.7 25.2 1.30 
12 99.3 32.8 23.8 1.43 
24 99.0 36.0 23.9 1.62 
36 99.7 34.9 23.9 1.52 
48 99.0 34.9 25.4 1.38 
LSDoofi 1.7 4.7 5.7 0.48 
51 
Table A2. Warm germination analysis of variance. Probability of a greater F. 
Source d.f. Normal Shoot Root Shoot/Root 
Seedlings Weight Weight Ratio 
Year(Y) 1 ** 0.98 0.12 * 
Hybrid (H) 1 0.87 0.09 0.76 0.96 
Harvest Moisture (M) 2 0.07 ** ** ** 
Preconditioning (P) 4 ** ** ** 0.22 
M*P 8 0.09 0.24 0.18 0.13 
H*M 2 0.34 0.32 0.56 0.50 
H»P 4 * 0.95 0.72 0.17 
H*M*P 8 0.08 0.93 0.06 * 
Error 29 
* ,**  Denotes  s ign i f i cance  a t  the  0 .05  and 0 .01  probabi l i ty  l eve l s ,  respect ive ly .  
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Table A3. Soil-free cold test means. 
Harvest Seed Preconditioning Normal Shoot Root Shoot/Root 
Moisture Parent Time Seedlings Weight Weight Ratio 
gHaOkg' h % — mg seedling' — 
500 A632 0 98.4 24.9 15.6 1.62 
12 98.3 32.2 19.9 1.68 
24 98.7 37.2 25.8 1.45 
36 98.4 34.3 25.7 1.38 
48 99.3 36.4 25.9 1.42 
B73 0 96.7 24.9 12.8 1.99 
12 97.0 28.6 19.5 1.54 
24 99.7 32.8 23.2 1.43 
36 99.4 34.9 25.5 1.43 
48 99.4 31.2 21.3 1.50 
450 A632 0 99.7 34.0 25.3 1.38 
12 99.7 36.5 29.1 1.27 
24 99.4 38.7 30.1 1.30 
36 99.4 38.6 30.7 1.31 
48 99.0 35.1 27.9 1.32 
B73 0 98.7 31.0 23.0 1.41 
12 99.4 33.7 22.9 1.48 
24 100.0 36.0 28.5 1.29 
36 99.7 35.7 27.4 1.33 
48 100.0 36.7 30.2 1.23 
400 A632 0 100.0 39.5 31.1 1.29 
12 100.0 39.7 29.5 1.36 
24 100.0 41.7 33.8 1.26 
36 99.0 42.2 34.2 1.25 
48 100.0 41.0 36.8 1.12 
B73 0 100.0 35.5 30.3 1.20 
12 99.7 37.6 29.7 1.27 
24 99.7 38.3 31.6 1.23 
36 99.7 40.5 35.0 1.16 
48 100.0 38.8 34.3 1.14 
LSDo.os 1.8 4.3 7.7 0.33 
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Table A4. Soil-free cold test analysis of variance. Probability of a greater F. 
Source d.f. Normal Shoot Root Shoot/Root 
Seedlings Weight Weight Ratio 
Year(Y) 1 0.74 0.77 0.79 0.85 
Hybrid (H) 1 0.93 ** 0.09 0.71 
Harvest Moisture (M) 2 ** ** ** 
Preconditioning (P) 4 0.18 ** * 
M*P 8 0.23 * 0.52 OA! 
H*M 2 0.85 0.85 0.82 0.49 
H*P 4 0.13 0.76 0.99 0.89 
H*M»P 8 0.76 0.38 0.86 0.58 
Error 29 
** Denotes significance at the 0.05 and 0.01 probability levels, respectively. 
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Table A5. Oxygen uptake means. 
Harvest Seed Preconditioning Protein Content State 3 Respiration 
Moisture Parent Time 
gHzOkg-' h pg (125 mg axis fw) ' mnol min ' (mg protein)"' 
500 A632 0 319.8 43.8 
12 317.9 52.9 
24 327.3 49.6 
36 334.4 46.1 
48 360.4 43.6 
B73 0 339.0 46.0 
12 331.2 43.3 
24 342.8 50.6 
36 336.2 48.0 
48 339.0 47.8 
450 A632 0 332.0 47.8 
12 328.6 47.4 
24 331.3 51.0 
36 361.3 48.0 
48 316.9 53.5 
B73 0 318.3 44.5 
12 335.7 42.7 
24 348.3 48.8 
36 375.5 45.8 
48 390.8 44.9 
400 A632 0 358.5 42.0 
12 379.7 37.5 
24 360.6 41.6 
36 362.3 46.3 
48 333.2 53.6 
B73 0 342.5 41.4 
12 380.3 43.2 
24 399.1 41.5 
36 389.1 46.9 
48 338.1 50.2 
LSDQ.OS 81.4 10.0 
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Table A6. Oxygen uptake analysis of variance. Probability of a greater F. 
Source d.f. Protein Content State 3 Respiration 
Year(Y) 1 ** ** 
Hybrid (H) 1 0.25 0.32 
Harvest Moisture (M) 2 0.07 0.12 
Preconditioning (P) 4 0.65 0.13 
M*P S 0.69 0.15 
H*M 2 0.85 0.28 
H*P 4 0.93 0.92 
H*M*P 8 0.87 0.54 
Error 29 
** Denotes significance at the 0.01 probability level. 
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Table A7. Soluble sugar content means. 
Harvest Seed Preconditioning Sucrose Raffinose Rafflnose: Sucrose 
Moisture Parent Time Ratio 
gHzOkg-' h mg g' axis fw 
500 A632 0 120.9 23.5 0.21 
12 136.1 27.6 0.20 
24 122.3 28.5 0.27 
36 116.2 25.7 0.25 
48 136.4 26.8 0.21 
B73 0 151.7 24.3 0.18 
12 166.8 28.5 0.17 
24 160.2 26.7 0.20 
36 116.9 24.7 0.24 
48 149.6 21.5 0.15 
450 A632 0 136.8 23.5 0.19 
12 94.9 25.1 0.30 
24 135.9 26.5 0.21 
36 139.3 28.9 0.23 
48 122.4 29.2 0.28 
B73 0 156.1 29.2 0.21 
12 147.4 29.6 0.21 
24 149.9 26.5 0.19 
36 124.4 21.6 0.19 
48 150.2 25.5 0.18 
400 A632 0 105.7 25.9 0.26 
12 151.4 24.7 0.17 
24 141.2 26.4 0.20 
36 144.7 26.0 0.19 
48 139.8 31.1 0.24 
B73 0 131.3 26.2 0.22 
12 141.4 28.7 0.23 
24 152.6 27.6 0.19 
36 157.1 26.1 0.17 
48 132.8 25.7 0.20 
LSDnos 47.5 6.5 0.09 
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Table A8. Soluble sugar content analysis of variance. Probability of a greater F. 
Source d.f. Sucrose Raffinose Raff.nose: Sucrose 
Ratio 
Year(Y) 1 0.52 ** 0.44 
Hybrid (H) 1 ** 0.58 ** 
Harvest Moisture (M) 2 0.86 0.56 0.74 
Preconditioning (P) 4 0.79 0.46 0.99 
M*P 8 0.23 0.77 0.10 
H*M 2 0.51 0.79 0.48 
H*P 4 0.62 * 0.74 
H*M*P 8 0.74 0.68 0.59 
Error 29 
*, *• Denotes significance at the 0.05 and 0.01 probability levels, respectively. 
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Table A9. Mitochondrial membrane phospholipid composition means. 
Harvest Seed Preconditioning PS' PE" PC" POPE 
Moisture Parent Time Ratio 
gHzOkg-' h % 
500 A632 0 4.8 13.7 81.6 5.98 
12 4.3 13.1 82.6 6.33 
24 4.7 13.3 82.2 6.24 
36 5.0 12.8 82.2 6.45 
48 4.7 12.8 82.6 6.55 
B73 0 6.3 13.1 80.6 6.15 
12 5.3 12.8 82.0 6.48 
24 5.8 12.3 81.9 6.64 
36 5.4 12.9 81.8 6.36 
48 4.8 12.6 82.7 6.60 
450 A632 0 4.3 14.3 81.4 5.72 
12 4.0 14.5 81.5 5.63 
24 3.9 13.8 82.3 6.03 
36 3.8 13.5 82.7 6.12 
48 4.2 13.8 82.1 5.99 
B73 0 5.1 14.2 80.9 5.75 
12 4.8 13.0 82.2 6.36 
24 5.1 13.6 81.4 5.99 
36 5.5 13.0 81.5 6.28 
48 4.4 13.2 82.5 6.28 
400 A632 0 4.2 14.7 81.2 5.56 
12 4.0 14.3 81.7 5.73 
24 3.5 14.5 82.1 5.70 
36 3.9 14.7 81.5 5.55 
48 3.8 14.9 81.4 5.48 
B73 0 4.9 14.2 81.0 5.72 
12 4.2 14.3 81.5 5.72 
24 4.0 14.2 81.9 5.79 
36 4.3 13.7 82.2 6.03 
48 3.9 13.4 82.8 6.20 
LSDo.os 1.1 1.0 1.0 0.52 
" Phosphatidylserine 
** Phosphatidylethanolamine 
Phosphatidylcholine 
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Table A10. Mitochondrial membrane phospholipid composition analysis of variance. 
Probability of a greater F. 
Source d.f. PS' PE" PC PCyPE Ratio 
Year(Y) 1 0.58 ** ** *iK 
Hybrid (H) 1 ** ** 0.19 ** 
Harvest Moisture (M) 2 ** «* 0.14 »» 
Preconditioning (P) 4 0.06 0.06 ** * 
M*P 8 0.93 0.93 0.81 0.92 
H*M 2 0.25 0.66 * 0.65 
H*P 4 0.35 0.88 * 0.77 
H*M*P 8 0.81 0.21 0.20 0.23 
Error 29 
° Phosphatidylserine 
** Phosphatidylethanolamine 
Phosphatidylcholine 
** Denotes significance at the 0.05 and 0.01 probability levels, respectively. 
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Table All. Mitochondrial membrane fatty acid composition means as percentage of methyl 
esters (corrected for number of C-H bonds). 
Harvest Seed Preconditioning 16:0" 18:0" 18:r 18:2" 18:3"= 
Moisture Parent Time 
gHzOkg-' h — % — 
500 A632 0 13.5 4.5 17.6 62.3 2.2 
12 17.2 3.8 16.4 60.3 2.4 
24 14.2 4.6 18.1 59.2 3.9 
36 16.8 4.3 16.6 60.4 1.8 
48 17.6 1.7 15.8 63.3 1.6 
B73 0 16.6 5.1 20.3 56.7 1.4 
12 13.2 3.9 20.4 60.3 2.3 
24 14.6 4.6 20.2 58.0 2.6 
36 16.9 4.4 19.2 57.9 1.6 
48 13.5 3.9 20.7 60.2 1.8 
450 A632 0 14.9 4.9 16.7 60.6 2.8 
12 14.9 2.8 15.5 65.5 1.3 
24 14.3 4.9 16.8 61.8 2.3 
36 13.4 5.2 17.5 60.7 3.2 
48 16.6 4.9 16.7 60.1 1.7 
B73 0 14.6 4.3 20.1 59.7 1.4 
12 18.0 2.6 18.9 59.3 1.2 
24 14.2 3.6 20.3 60.2 1.7 
36 15.9 3.2 19.0 60.3 1.6 
48 16.3 4.1 20.4 57.5 1.6 
400 A632 0 16.7 4.3 17.1 60.1 1.9 
12 15.9 2.9 16.2 63.0 2.1 
24 16.7 2.0 15.6 64.3 1.4 
36 13.7 4.0 17.5 61.7 3.1 
48 14.1 4.1 16.6 63.0 2.6 
B73 0 14.5 3.5 19.2 60.8 1.9 
12 16.0 4.3 18.6 59.1 2.0 
24 15.7 3.8 19.7 59.4 1.5 
36 13.4 3.7 19.4 61.0 2.5 
48 15.4 3.7 19.5 59.0 2.5 
LSDo.os 3,6 3.4 1.6 4.1 2.0 
Palmitic acid 
'' Stearic acid 
Oleic acid 
'' Linoleic acid 
® Linolenic acid 
** Denotes significance at the 0.01 level of probability. 
61 
Table A12. Mitochondrial membrane fatty acid composition analysis of variance. 
Probability of a greater F. 
Source d.f. 16:0" 18:0" 18;r 18:2° 18:3"= 
Year(Y) 1 ** ** ** ** ** 
Hybrid (H) 1 0.77 0.99 ** ** O.IO 
Harvest Moisture (M) 2 0.94 0.58 0.07 0.15 0.62 
Preconditioning (P) 4 0.68 0.58 0.10 0.68 0.75 
M*P 8 0.14 0.71 0.27 0.24 0.14 
H*M 2 0.23 0.26 0.51 0.98 0.59 
H*P 4 0.80 0.89 0.09 0.67 0.75 
H»M*P 8 0.08 0.94 0.36 0.17 0.98 
Error 29 
" Palmitic acid 
Stearic acid 
Oleic acid 
^ Linoleic acid 
° Linolenic acid 
** E>enotes significance at the 0.01 level of probability. 
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